Cosmon as the Modulon: Non-Gaussianity from Dark Energy 
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In this paper, we show that the idea of growing neutrino can result in a modulated reheating 
effect and produce detectable non-Gaussianity in the model where the Higgs triplet from type II 
seesaw mechanism plays the role of the infiaton in chaotic inflation. 

PACS numbers: 

Introduction : Inflation [l[ not only solves many problems (for example, horizon problem and flatness problem) of 
. conventional hot big bang model but could also produce the primordial density perturbation which is the seed for 
structure formation and cosmic microwave background (CMB) temperature fluctuations. Intuitively, the mechanism 
for producing density fluctuation from inflation is that during inflation the quantum fluctuations of the infiaton when 
stretched outside the horizon becomes classical perturbations which is different in different patches of the universe 
separated by the horizon. Each patch could be regarded as a "separate universe" and evolves in the same way. However, 

■ inflation ends in different "time" for each universe and this result in a primordial density (curvature) perturbation. 
[ The primordial curvature perturbation £ (on uniform-density slices) is given by (with a suitable coordinate choice) 

i 1 dl 2 = a 2 (t)e 2 < : dx l dx : > ~ a 2 (t)(l + 2()dx l dx j . (1) 

O ! Here £ describes the difference between the perturbed universe and unperturbed universe. During inflation, since 
' ■ a ~ e N , therfore intuitively one may think SN = £. This has been rigorously proved and is called the <5A^ formalism 
qj ', This relation is true up to nonlinear orders. For example, if the primordial density perturbation is from the 

■ fluctuation of the infiaton (f>, we can write 

5N = N 4> 54>+)-N 4<j> {84>) 2 + --- (2) 
CN . 2 

^ ' where subscript denotes derivative with respective to the corresponding argument. Since 5(f) ~ H/2t: is Gaussian, the 
| second term represents non-Gaussianity. Future experiments (like PLANCK) can probe the second (or even higher) 
order effects for the primordial curvature perturbation which is parameterized as 
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^ : sn = c = c 3 + \f NL e g + ■■■■ (3) 

Here ( g is the linear (Gaussian) term and /jvl is the (local) nonlinear parameter. From Eqs. © and wc could 
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obtain 



fNL -~6^T- (4) 



Generally, for single- field slow-roll inflation, /jvl is too small to be detected in the near future [6[. Therefore a 
, detection will force us to go for more complicated (inflation) models. 

In Ref. Q, we proposed the idea that the Higgs triplet A in type II seesaw mechanism could play the role of the 
infiaton for chaotic inflation. The potential form is 

V=±M 2 A A 2 , (5) 
where the quartic terms are ignored 1 . The number of e- folds is hence given by 

N= 1 rV 



M 2 J V 



M 2 4 



(6) 
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1 There is an argument given in about 



why we may neglect the quartic terms. 
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which is independent of the mass. Here Mp is the reduced Planck mass. From Eq. <j2j) and ((6j), we can see ( ~ ~ 
O(10)Ma which is fixed to be 0(1O -5 ) by CMB observation. Here iZ* means the Hubble parameter at horizon exit. If 
the primordial density perturbation is from the quantum fluctuation of the inflaton, this would imply that the inflaton 
mass ?7iA is fixed to be around 10 13 GeV and the primordial density perturbation would be gaussian. However, it is 
possible that the primordial density perturbation is from some other mechanism and we could have < 10~ 5 . For 
example, in the case of modulated reheating scenario Q, the inflaton decay width is determined by some light field 
a (called the modulon). During inflation the quantum fluctuation of the modulon will "modulate" the decay width 
of the inflaton hence when inflation decays after inflation this will contribute to the primordial density perturbation. 
The number of e-folds is related to the decay width T via 

AT = -ilnr. (7) 

In this case if the contribution of SN from inflaton is negaligible, similar to Eq. ([2]) we could write 

SN = N a Sa + -N^Sa) 2 + ■ ■ ■ . (8) 



Therefore to first order we obtain 



and similar to Eq. ((4J, we can easily obtain 
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8N = (9) 

6 r w 



(10) 

One possibility of the dependence of the decay width is that the inflaton mass is determined by the field value 
of the modulon. For a Higgs triplet, this kind of dependence was proposed in Ref. [ToL [Tlj for another purpose and 
the light field is called the cosmon. In this model the cosmon field would make the neutrino mass growing (growing 
neutrino) through the varying mass of the Higgs triplet via type II seesaw mechanism. The result is in the current 
universe the cosmon field will be freezed due to growing neutrino and the scalar potential of the cosmon would become 
the dark energy we observe today. In this paper, we will show that cosmon field in the early universe could play the 
role of the modulon in the Higgs triplet inflation 2 and produce detectable primordial non-Gaussianity. The constraint 
to the Higgs triplet mass can also be liberated. The seesaw conception used in particle physics to understand the 
smallness of neutrino mass through the high energy physics can apply to connect the early universe (inflation ~ Grand 
Unification scale) and current universe (dark energy ~ eV scale) in our model. 

Construction : The type-II seesaw mechanism contains one complex SU(2) l triplet scalar A with hypcrchargc Y = 2 
in addition to the standard model Higgs doublet H The Higgs triplet A can interact with left-handed leptons 
through the coupling, YijLj L CiT2ALjL + H.c, here i is the flavor index, C is the charge conjugation, and t 2 is the 
Pauli matrix. There is also a trilincar term, fiH 7 'zt 2 A^ H + H.c. in the potential (/k is the dimensionful parameter). 
The coexistence of both two terms breaks the lepton number by two units. After taking the minimal condition of the 
potential, the 3x3 Majorana neutrino mass matrix is generated as 

2 

til) 

m„ ij =Y ij j^-=Y ij v A . (ff) 

Here v and va are the vacuum expectation values of standard model Higgs and the triplet A respectively. We continue 
the idea that the type-II seesaw scalar triplet A as the inflaton for chaotic inflation 7| and combine the proposal in 



Ref. [11| that the mass of A depends on the field value of cosmon field <r is assumed in the following way, 



Ml = c A M 2 



GUT 



1 - -cxp(-e-^-; 

T Mp 



(12) 



Here Mqut is the grand unification scale, and ca and r are the order one parameters. The potential of the cosmon 
field is given by 

V{a) = M A P e' aa/Mp (13) 



2 We study the possible role of the cosmon in the early universe in a different set up in I llj . 
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with a > 10 (from early dark energy constraint |14I0. This term will result in a tracker behavior of the cosmon held 
after inflation. The evolution of a is given by [15[ 

a + 3H&=~ + ^-(p v -3p u ) (14) 



where 



•3{a) ee - V (15) 
1 - 7 cxp(-e I 2-) 



We can write /3 in the form /3(a) = _ for a t = —Mp^- when a is close to tr t . When er approaches trj Eq. (fT3 



a — at 



would behave like a cosmological constant and becomes the dark energy. For aat/Mp ~ 276 the cosmological constant 
has a value compatible with observation. This implies e = — alnr/276 therefore if we choose a = 10 and lnr = 1, we 
would have e = —0.05 which implies a mild dependence of Ma on cr through Eq. (|12[) . Furthermore it is pointed out 
in Ref. [llj that the detail form of c-dependence of Ma is not important as long as a Taylor expansion is applicable 
around a w a 3 . We will use those values in the following context. 

Since A is the inflaton and can decay into several channels such as A — >• uv, HH, ZZ, and aa to reheat the universe. 
One should note that the decay mode of A — > aa is possible via the nonrenormalizable couplings which are from the 
expansion of Eq. (|12[) , read 

C Ae 2 M GUT 2 2 2 
L eff = ~ — i-^f- ) ° A . (16) 



P 



The main decay widths of A are given by 



Y 2 

r A(^) = ^TTTVXT^, (17) 



8tt(1 + %)' 

mm 

8ttu 4 ' 



r A (^) - (18) 



and 



r A (zz) = Ah f mz < 2 , (19) 

AttMa cos 2 



r C A 6 4 Mqut 4 pa r9n v 



256ttt 2V Mp ; M5 



A 

The decay product produced through the coupling in Eq. (|16j) might explain the hint of the need for an extra, dark, 
relativistic energy component in recent analyses jl6l - l2l| . The energy density of the new degree of freedom is usually 
normalized to neutrino energy density p v in a convenient way with the "effective number of equivalent neutrinos" 
N ve ff defined by 

P» = P^(^) i/3 N,eff- (21) 

N ve ff = 4.6 ± 0.8 at 68% C.L. for the experimental results of WMAP + BAO (baryon acoustic oscillations) + 
Hq (the Hubble constant) [l6| . and the current observed primordial Helium mass fraction prefers a larger value 
Y p = 0.2565 ± 0.0010(stat.) ± 0.0050(syst.) than standard BBN prediction Y p = 0.2487 ± 0.0002 We take the 

constraint that the energy density of cosmon field is smaller than that of neutrinos during Big Bang Nucleosynthesis 
(BBN) epoch 

— \bbn "Z —\bbn- (22) 
s s 



A possible derivation of the exponential mass dependence on the cosmon field associated with supersymmetry breaking is obtained in 



An 
42]. 
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Here s is the entropy density and p a \decaij = Br(A — > 2a)M&n& with Br and «a denote branching ratio of and 
number density of infiaton A. And since ^ = we have 

-\bbn = ^\t r {^) = lBr(A -> 2a)T BBN (23) 
s s 1 R 4 



and 



Pi. i 3 x jTbbn 
— \bbn ^ 



(24) 



for the two sides of Eq. (|22p . Therefore we roughly have the constraint for the Br{A — > aa) < O(j^). The bound 
can be easily satisfied in Eqs. (| 1 T|) - p0| . It also can be understood that the decay rate is proportional to the Hubble 
parameter squared and decreases faster than the universe expansion rate. Infiaton will not decay completely into 
radiation and reheat the universe if the four-point interaction (Eq. (|16[) ) is the dominant decay. 

Primordial density perturbations: If the cosmon a is light during inflation, it is subject to fluctuations similar to 
the infiaton, namely, 5a rZ H*/2n. This would lead to fluctuations of the decay width by the variation of the infiaton 
mass Ma, and may contribute to the primordial density perturbation. The potential of the cosmon field is given by 
Eq. © and (TT2]): 



V(a) = -c A M 2 UT 



1 - 7 CXp( - e M7 } 



(25) 



There is another term in the potential given by Eq. (|I3[) but it is subdominant and negligible (for a wide range of a) 
during inflation. 

The condition of the cosmon being "light" (during inflation) is given by 

\V"/H 2 \ ~ \e/3\ < I (26) 

Because |e| - 0.01, Eq. <(26j) can be satisfied if \/3\ < 100. 

The primordial curvature perturbation can be obtained by using Eq. ([9]) and (|12|) : 

C „£„*^ = |*U.|— ~ 10- 5 . (27) 
s r M A 'm p v ; 

Here \(3 e nd\ means at the end of inflation. We could see that for \p en d\ ^ 1 we have ~ H^/Mp < 10~ 5 . Note 
that the condition that Q n f subdominant would require |/3 en d| 1- Therefore we require 1 ^ |/3 e „d| ^ 10 2 . In this 
case, the primordial density perturbation is dominated by the fluctuation of the cosmon field which would play the 
role of dark energy in the current universe. 

Actually we can also consider |/3 en( i| ^ I. In this case, a would be slow-rolling until inflation ends. According 
to Eq. (|27[) . the contribution of primordial curvature perturbation is subdominant. However, it is still possible to 
generate sizeable non-Gaussianity [22|, [23|. We will discuss this in the following section. 

Non-Gaussianity: From Eq. (|10[) we can obtain 

1^ = 6(1 + 0(1)-), (28) 

where the order one factor depends on different decay widths in Eqs. (|17[) - (|20[) . From here we can see that larger f3 
implies smaller /nl- This may be intuitively understood by the following argument. If we require £ oc /38a ~ 10 -5 , 
large /3 implies small da which means the nonlinear (non- Gaussian) effect oc ((5er) 2 is small. In the case where the 
contribution of the primordial density perturbation is dominated by the fluctuation of the cosmon field, we have 
e| ~ 0.01 and |/3| > 1 therefore Jnl = 5 which may be detected in the near future by PLANCK satellite. 

If the contribution of £ from modulated reheating is subdominant, from Eq. @, it can be shown that Jnl would 
be reduced by a factor of /3 2 /(l + fi) 2 . For example, if (i ~ 0.5, we would have Jnl ~ 0(1) which is close to the 
marginal value of experimental sensitivity in the near future. The non-Gaussianity produced is still larger than the 
case that we only have chaotic inflation without modulated reheating. 

Isocurvature and leptogenesis: As we have shown in Q the baryon asymmetry of the universe can be obtained via 
leptogencsis if two triplet scalars exist. In our model, if the primordial density perturbation is dominated by the 
flucturation of the cosmon field through modulated reheating, it is possible to generate a large baryonic isocurvature 
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FIG. 1: The ratio of isocurvature to primordial density perturbations versus the parameter K and P = — 1, —3, — 7 correspond 
to uv, HH, ZZ decay modes respectively. 



perturbation. Let's consider the possibility of isocurvature perturbation induced from the lepton asymmetry in this 
construction. 

The CP violation is generated through the interference between the tree level and self-energy correction of the 
triplet scalar decay, given by 

Mm4 E k ,i( Y ikiY2ki)] f M Al \ 
61 " 87 t2(m Ai -m A2 ) \t a J- {2J) 

//i 2 are the cubic couplings involving the triplet and two powers of the Higgs-doublct and indices 1, 2 represent the 
physical quantities refer to the two triplets scalars Ai^- The parameter K is defined by K = T Al /H(T = MaJ 

'Ml 



with H{T)\t=m &1 = y ig~r (here we assume M<\ t < M A2 ) and g* ~ 100 is the effective number of massless 
particles. After solving the Boltzmann equations that involve decay, inverse decay, and annihilation processes, the 
baryon asymmetry can be approximated by 

^-o.sxio-^x^+g)- 1 / 2 (30) 

s 

for < K < 10 H. Let M A , =3x 10 13 GeV, fx h2 ~ 10 12 GeV, F (lj2) y ~ 0.1 with m v ~ lO" 1 — 2 eV, and K = 5, 
the ub/s ~ 10~ 10 as desired. We take ei oc M^ 2 and K oc M Ai where P is integer and depends on the decay widths 
given in Eqs. (flT)) - ([20l) . The baryon-isocurvature fluctuation can be expressed as 



_ 8(n b /s) 

= : = 4 

n b /s 



(31) 



The observational constraint on the uncorrelated baryon isocurvature is ISb/CI ^ C(l) [2l|, [2a]- We show the 
contributions to Sb from the decay modes 4 of Ai as the function of K in Fig. [T] It indicates the model is well within 
constraint. For the case of primordial density perturbations from modulated reheating is subdominant we expect the 
Sb is smaller. 

Conclusion : In this paper, we investigated the possible cosmological consequences of inflation driven by a Higgs 
triplet of type II seesaw mechanism if the dark energy is from the growing neutrino mechanism. Interestingly, in 
this setup, we found that the primordial curvature perturbation and/or non-Guassianity may be from the quantum 
fluctuations of the cosmon field which would cause the dark energy we observe today and cosmon would play the role 
of the modulon. If the contribution of the modulated reheating to the curvature perturbation dominates, there is an 
issue of baryon isocurvature perturbation. In this case, we investigated the allowed region of the parameter space 
and found the constraint is not very severe. Futhermore, if isocurvature perturbation is found in future experiments, 
it would provide an interesting constraint to our model. If the curvature perturbation from the modulon is sub- 
dominate, there is no issue about isocurvature perturbation. However, sizable non-Gaussianity may still be generated. 



4 We ignore the aa mode as it is supposed to be subdominant. 
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